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ABSTRACT: The performance of buried rigid pipes underneath geogrid-reinforced 25	
soil while applying incrementally increased cyclic loading was assessed using a 26	
fully instrumented laboratory rig. The influence of varying two parameters of 27	
practical importance was investigated; the pipe burial depth and the number of 28	
geogrid-layers. Measurements were taken for pipe deformation, footing settlement, 29	
strain in pipe and reinforcing layers, and pressure/soil stress on the pipe crown 30	
during various stages of cyclic loading. The research outcomes demonstrated a 31	
rapid increase in the rate of deformation of the pipe and the footing, and the rate of 32	
generated strain in the pipe and the geogrid-layers during the first 300 cycles. 33	
While applying further cycles, those rates were significantly decreased. Increasing 34	
the pipe burial depth and number of geogrid-layers resulted in reductions in the 35	
footing and the pipe deformations, the pressure on pipe crown, and the pipe 36	
strains. Redistribution of stresses, due to the inclusion of reinforcing layers, formed 37	
a confined zone surrounding the pipe providing it with additional lateral support. 38	
The pipe invert experienced a rebound, which was found to be dependent on 39	
pressure around the pipe and the degree of densification of the bedding layer. 40	
Data for strains measured in the geogrid-layers showed that despite the applied 41	
loading value and the pipe burial depth, the tensile strain in the lower geogrid-layer 42	
was usually higher than that measured in the upper layer.  43	
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1 ABBREVIATIONS 47	
ITM Induced trench method 
EPS Expanded Polystyrene 
TDA Tire-derived Aggregate 
LVDT Linear variable differential transducer 
B Footing width 
L Length of the reinforcing layer 
u Distance between the base of the footing and the upper reinforcing layer 
h Distance between two consecutive layers 
H Distance between the crown of the pipe and the ground surface 
D Outer diameter of the pipe 
S Settlement 
FS Settlement of the footing 
CS Settlement of the crown 
IS Settlement of the invert 
BL Bedding layer 
LP Loading phase 
UL Upper layer 
LL Lower layer 




The worldwide construction industry is increasing to an enormous extent to meet 49	
the needs and expectations of growing populations. This requires the construction 50	
of new houses, buildings, infrastructure and transportation links as well as 51	
providing sustainable solutions to protect and reduce potential risks on existing 52	
buried structures due to additional loads and stresses. Several research studies 53	
investigated the performance of buried flexible pipes under reinforced and 54	
unreinforced covers [1-11], however less attention has been given to buried rigid 55	
pipes. For decades, buried rigid pipes were widely used for several purposes, e.g. 56	
mineral transfer, due to their high circumferential and flexural stiffness. 57	
Nevertheless, additional static and dynamic loads would generate extra tensile 58	
stresses on the pipe wall, which will form cracks once exceeding the tensile 59	
strength of the rigid pipe material. It is therefore crucial that solutions are proposed 60	
and tested to provide protection by reducing the stresses on the buried rigid pipes.  61	
Buried rigid pipes and structures behaviour was investigated using field tests and 62	
full-scale tests [12-19], numerical modelling [20-27] and large-scale experimental 63	
tests [22, 28, 29]. However, most of these studies were performed under static 64	
loading and during the installation process. Anderson [30] and Spangler [31] own 65	
the original work, which focused on the calculation of the diametric change of the 66	
pipe due to static loads. Strains in the walls of rigid pipes while laterally supporting 67	
them were investigated by [12, 19, 21]. It was reported that providing more lateral 68	
support kept the pipe safe, where tensile stresses were bearable. The relation 69	
between strains in the walls of buried pipes and the deformations that occurred in 70	
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these pipes was studied by Rogers, Fleming [32], where it was noted that the pipe 71	
deformation could be predicted using the measured strains. The influence of 72	
bedding layer thickness and density on the pipe behaviour was investigated by 73	
Abolmaali and Kararam [20] and Lay and Brachman [16]. It was reported that a 74	
thicker and lower density bedding layer could keep the pipe in safe condition, 75	
where reaction forces between the pipe and bedding layer were kept at minimum 76	
values. Large-scale experimental tests on concrete pipes subjected to seismic 77	
loading were investigated by Kim, Lynch [29]. Visual inspection illustrated the 78	
occurrence of considerable damage due to crack formation, as forces and bending 79	
moment severely influenced the pipe. Based on the aforementioned studies, it was 80	
concluded that tensile failure represented by the formation of cracks along the 81	
walls of the pipe occurred due to the stresses, strains and bending moments along 82	
its walls, where applied loads were transferred directly to it. In addition, static 83	
loading was applied in the aforementioned research studies, which does not 84	
represent the actual applied loads on many buried conduits in the real 85	
environment.  86	
To reduce the tensile stresses and strains along the pipe walls, the Induced 87	
Trench Method (ITM) was introduced. Initial studies using ITM were conducted by 88	
[30, 33, 34]. ITM was reintroduced by Spangler [35] as Marston and Spangler (M-89	
S) theory. The theory was about using compacted backfill over the buried pipe and 90	
the surrounding soils, then a trench of the same width as the pipe was excavated, 91	
where a thin compacted backfill layer remained above the pipe. The trench was 92	
then filled with loose lightweight material, which had high compressibility, leading 93	
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to the formation of active arching. At that time, a full description of the properties of 94	
the lightweight material was not available; consequently, ITM long-term behaviour 95	
was debated. A long time ago, leaves, straw, sawdust and woodchips were mixed 96	
with soil and used as lightweight backfill over the pipe [36-38]. The problem of 97	
these materials was their decomposition with the passage of time. Several 98	
research studies experimentally investigated the performance of superlight 99	
Expanded Polystyrene Blocks (EPS) as compressible material over different 100	
buried conduits to ensure the occurrence of active arching within the soil cover so 101	
as to reduce significantly the pressure on buried conduits where the lateral support 102	
was increased [13, 28, 39-41]. In addition, these values did not change over 3-103	
years. Bartlett and Lingwall [42] investigated the influence of using EPS geofoam 104	
to enhance the seismic resilience of buried conduits, as well as protecting them 105	
from the detrimental effects of the permanent ground deformation, e.g. tectonic 106	
faulting and uplifting. It was reported that the inclusion of the EPS geofoam 107	
significantly decreased the vertical uplift forces and stresses affecting the buried 108	
conduits. Meguid and Youssef [43] investigated the contribution of tire-derived 109	
aggregate (TDA) layers above buried rigid pipes, instead of the superlight 110	
expanded polystyrene blocks. It was reported that measurements of the average 111	
pressure on top of the pipe were reduced by 30% compared with using granular 112	
backfill material above the pipe. TDA was an accepted replacement of superlight 113	
expanded polystyrene blocks in the ITM. Bartlett, Lingwall [44] and Witthoeft and 114	
Kim [45] performed numerical investigations on the influence of using 115	
compressible EPS geofoam to decrease earth pressure on buried pipes. It was 116	
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reported that the behaviour of the entire system depended on the properties of the 117	
EPS geofoam, where using EPS geofoam of lower density results in an enhanced 118	
performance of the system, which leads to reduction in the pressure on the buried 119	
conduits. In addition, EPS geofoam inclusion significantly contributed to 120	
decreasing the potential damage, which would affect buried conduits due to 121	
permanent ground deformations.  122	
Since the main concept of the ITM and other earlier techniques to create 123	
lightweight backfill was to maintain buried conduit stability by reducing stresses on 124	
it, the inclusion of geogrid reinforcing layers instead of compressible material was 125	
adopted in this research as an alternative and sustainable approach. 126	
Geosynthetics were used for decades as soil reinforcing layers. The inclusion of 127	
these layers in the soil generates a new composite material of enhanced 128	
properties and performance, compared with natural soil. The interaction between 129	
the soil and the reinforcing layers, while applying static loading was investigated 130	
by [46-53]. On the other hand, the performance of reinforced soils while applying 131	
cyclic loading was performed by [54-57]. Data showed that the inclusion of 132	
reinforcing layers in the investigated systems significantly contributed to enhancing 133	
the bearing capacity of these systems. This was related to the load transfer 134	
mechanisms that formed between the reinforcing layers and soil particles, which 135	
depended on the geometry of the reinforcing layer and the size of the soil 136	
particles. Moreover, [58-60] investigated the protection concept of buried flexible 137	
pipes and existing voids using reinforcing layers, while applying repeated loading. 138	
It was noted that the inclusion of reinforcing layers provided protection to these 139	
8	
	
buried conduits through the stress distribution process and the lateral support that 140	
was provided. It should be noted that El Naggar, Turan [61] investigated 141	
experimentally and numerically the use of a bridging layer, which was formed by 142	
the inclusion of geogrid layers in granular fill, to reduce the pressure on buried 143	
utilities and to enhance the performance of embankments, under the application of 144	
static loading represented by the embankment’s own-weight. It was reported that 145	
the bridging layer distributed the pressure and provided more protection to the 146	
buried conduit. Ahmed, Tran [62] performed experimental and numerical 147	
investigations on buried rigid pipes in geogrid-reinforced soil to measure the 148	
distribution of earth pressure on the pipe, and to study the soil-geogrid interaction. 149	
The contribution of the geogrid layer in reducing the pressure on the pipe was 150	
found to increase with the increase in the surface loading. It should be noted that a 151	
thick-walled PVC pipe was used to represent the buried rigid pipe, while applying 152	
surface loading. Moreover, the effect of varying the number of the reinforcing 153	
layers was not investigated.  154	
According to the aforementioned literature, the use of geogrid reinforcement to 155	
enhance the behaviour of buried rigid pipes while applying incrementally 156	
increasing cyclic loadings has not been examined systematically under controlled 157	
conditions. In this study, the performance of buried rigid pipes underneath geogrid-158	
reinforced soil while applying incrementally increased cyclic loading was 159	
investigated using a fully instrumented laboratory rig. In particular, two parameters 160	
of practical importance namely; the pipe burial depth and the number of geogrid-161	
layers, were investigated. High quality data were generated for the footing 162	
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settlement, pipe deformation, strain in both the pipe and the reinforcing layers, and 186	
pressure on the crown of the pipe. To aid the discussion, the research outcomes 187	
are compared with results from controlled tests on the behaviour of buried 188	
concrete pipes in unreinforced sand beds by the authors [63]. 189	
3 TESTING RIG 190	
To enable the experimental investigation for buried rigid pipes under geogrid-191	
reinforced soil, a fully instrumented testing rig was designed and manufactured. It 192	
consisted of three parts: loading system, testing tank and data acquisition system, 193	
as shown in Fig. 1-A.  194	
3.1 Loading system 195	
A rigid loading frame was used to hold an Advanced Servo Hydraulic Actuator, 196	
forming the loading system. The capacity of the actuator was 1000 kN. The 197	
applied load was recorded using a load cell, which was installed in-between the 198	
loading area and the actuator. The loading profile amplitude was controlled using a 199	
computer program, which controlled the actuator. A loading profile, which was 200	
formed out of a monotonic loading phase followed by incrementally increased 201	
cyclic loading phases, was applied in this research to the investigated systems.  202	
3.2 Testing tank 203	
The detrimental effect of the boundary conditions, i.e. reaction interference, was 204	
avoided by designing the tank to be 1500 mm long, which is more than six-times 205	
both the diameter of the pipe and the width of the footing, as mentioned in 206	
previous studies [64-67]. Since the longitudinal direction of the pipe is much bigger 207	
than the other two dimensions, the model can be treated as a plane strain one. 208	
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Consequently, the strain in the longitudinal direction, i.e. length of the pipe, would 210	
tend to be zero, [60]. As a result, choosing the width of the tank to be 1000 mm is 211	
not expected to cause problems. The depth of the tank was chosen to be 1000 212	
mm to allow installation of the pipe at three different burial depths. Consequently, 213	
a rigid testing tank, 1500 mm in length, 1000 mm in width, and 1000 mm in height 214	
was designed and manufactured, as schematically presented in Fig. 1-C. Rigid 215	
steel stiffeners and I-beams were used to maintain the rigidity of the walls and the 216	
base of the tank, respectively. The loading profile was applied to the investigated 217	
systems through a rigid steel strip footing, which was 990 mm in length and 200 218	
mm in width. In real life, the pavement layer could behave as flexible or rigid 219	
depending on its structural performance. Flexible pavement relies on the shear 220	
strength of base and sub-base layers to transfer the stresses to a wider area 221	
resulting in a uniform pressure on the subgrade soil. Often flexible pavement 222	
suffers unequal deformation due to applied loading. On the other hand, rigid 223	
pavement incorporates the use of a concrete layer which would lead to the 224	
occurrence of uniform deformation as the rigid pavement will deform as a rigid 225	
body. Simulating a flexible asphaltic pavement is practically difficult in the 226	
laboratory, whereas a rigid pavement can be represented by a rigid footing. The 227	
measurement of the rigid footing deformation is also feasible in a controlled 228	
laboratory conditions. Similar experimental studies in previous researches were 229	
carried out using rigid loading plate, [59, 60]. The detrimental frictional effect 230	
between the footing and the walls of the tank was avoided by reducing the length 231	
of the footing by 10 mm compared with the width of the tank. Moreover, the footing 232	
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was placed in the centre of the tank to avoid any load eccentricity. The footing 234	
base was roughened using a heavy-duty sand paper to enable reflecting the 235	
applied pressure by traffic loading. Measuring the footing settlement was allowed 236	
using two Linear Variable Differential Transducers (LVDTs) considering the 237	
average value of them. The deformation of the invert of the pipe was measured 238	
using one LVDT installed underneath the pipe through a 20 mm hole, which was 239	
formed in the base of the tank. A rectangular section of the wall of the tank was 240	
replaced by a 25 mm thick transparent Perspex screen as demonstrated in Fig. 1-241	
B, in order to visually inspect the pipe. A mechanism was developed using a rigid 242	
rod, nail and two LVDTs to measure the deformation of the crown of the pipe, as 243	
shown in Fig. 1-C. This mechanism was successfully used by the authors of a 244	
previous research paper, Elshesheny, Mohamed [2]. A smooth Polyethylene sheet 245	
covered the inner walls of the tank to minimize wall friction.  246	
To measure the strain generated due to loading, strain gauges were fixed 247	
perpendicular to the longitudinal pipe direction on the inner crown, inner invert and 248	
the outer spring-line, where one strain gauge was used at each position. In 249	
addition, one strain gauge was installed at the middle longitudinal rib of each 250	
reinforcing layer to measure its strain, where it was parallel to the length of the 251	
layer (machine direction). The data logger was connected to the strain gauges by 252	
a half bridge circuit arrangement. Strain gauges could measure strains up to 5% 253	
and 2% for the reinforcement and the pipe, respectively. The pipe crown pressure 254	
was measured by installing an earth pressure cell 20 mm above the pipe crown, 255	
as presented in Fig. 1-C. After the testing process, the soil was removed carefully 256	
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in order to scan and record the deformation of the reinforcement mid-point. 260	
Unfortunately, measurement of the vertical deformation of the reinforcement layer 261	
was not captured. 262	
3.3   Data acquisition system 263	
Measuring and recording the crown pressure, pipe and reinforcing layer strain, 264	
pipe deformation and footing settlement was facilitated using two data acquisition 265	
systems. Data were measured and recorded every 500 ms, according to the 266	
minimum allowed time interval of the data acquisition systems. All the 267	
measurement devices were calibrated before use to ensure the generation of high-268	
quality data. All of the used instruments were calibrated, where the accuracy range 269	
of LVDTs varied between 0.03% and 0.81%. In addition, pressure and load cells 270	
achieved accuracies of 0.07% and 0.3%, respectively.  271	
4 MATERIALS 272	
4.1 Sand 273	
Preparation of homogeneous testing beds, i.e. bedding layer and backfill cover, 274	
was performed using a relatively uniformly graded silica sand. Based on the 275	
specifications of the British Standard, BS 1377-1:2016, the sand was classified as 276	
Even-Graded, [68]. The experimentally acquired sand properties are presented in 277	
Table 1. Three triaxial tests were performed while varying the cell pressure to 278	
determine the stiffness of the sand considering the slope of the initial linear part of 279	
the stress-strain relationships. The average values of the initial tangent modulus 280	
and secant modulus from zero deviator stress to a deviator stress of 50 % of the 281	
peak deviator stress which is a commonly used value to examine foundation 282	
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problems [69], were determined and found to be 55 MPa and 54 MPa respectively. 284	
These results confirmed the linearity of the initial stress-strain relationships 285	
attained for the used sand. Preparation of homogeneous sand beds was achieved 286	
by using a raining technique, where sand was poured through a perforated screen 287	
with 5 mm holes from a 500 mm dropping height. The dry unit-weight of the sand 288	
was measured at different locations in the tank to ensure preparing homogeneous 289	
sand beds. The dry unit-weight of the sand was found to be 16.32 ± 0.02 kN/m3, 290	
which would ensure the consistency of the prepared sand beds. The dry unit-291	
weight of the sand beds were found to be 99% of the maximum dry unit-weight 292	
obtained according to the standard Proctor test.  293	
4.2 Rigid pipe 294	
A flexible pipe has the ability to endure vertical diametric strain of at least 2% 295	
without the occurrence of any structural instability, unlike the rigid one [71]. In this 296	
research, a 230 mm outer diameter concrete pipe, which has a length and wall 297	
thickness of 990 mm and 14 mm, respectively, was utilized. A predesigned casting 298	
mold, which was successfully used by the authors [63], was used to prepare rigid 299	
concrete pipes in the laboratory. To eliminate any friction between the pipe and the 300	
walls of the tank, the pipe was shortened 10 mm, where foam strips were used to 301	
seal the clearance formed as shown in Fig. 1-B. The determination process of the 302	
compressive strength of the pipe material, i.e. concrete, was facilitated using cubic 303	
concrete specimens with a side length of 100 mm. Based on the British Standard 304	
specifications, BS EN 12390-3:2009 [72], the cubes were tested under 305	
compressive loading after 28-days. According to the maximum sustained load by 306	
Satu Nieminen  24/3/2021 08:14
Formatted: Font:(Default) +Theme Body
CS
Satu Nieminen  24/3/2021 08:14
Formatted: Font:(Default) +Theme Body
CS, Not Italic, Check spelling and
grammar




each specimen, the average compressive strength of the concrete was found to be 308	
68 MPa. Results showed that the unit weight and the elastic modulus of the pipe 309	
material were 23 kN/m3 and 35000 MPa, respectively. 310	
4.3 Geogrid reinforcement 311	
The reinforced sand beds were prepared using biaxial geogrid reinforcement, 312	
SS20. Table 2 illustrates the experimentally acquired mechanical properties of the 313	
reinforcing layers, according to the specifications of the British Standard, BS EN 314	
ISO 10319:2015, which indicated that at least five specimens of 200 mm in width 315	
should be tested under the application of a uniform tensile force, [73]. 316	
Measurements of stress-strain behaviour of the reinforcing layers indicated that 317	
the elastic modulus of the material is 300 MPa. 318	
5 CYCLIC LOADING 319	
The National Annex of the British Standard, NA to BS EN 1991-2:2003, 320	
demonstrates that traffic loads are one of the major factors that severely affect 321	
buried pipes. The load applied to the buried pipe results from the wheel load, 322	
which depends on the overall load of the vehicle, number of axles and number of 323	
wheels per axle, [74]. In general, the average value of an axle load would range 324	
between 50 and 230 kN, which can generate a wide range of pressure on the 325	
ground surface and buried pipes. According to the axle load and the square 326	
contact area between the ground surface and the wheel, which has a side of 327	
length 350 mm, a range of average pressure from 200 to 950 kPa would be 328	
generated. In this research the existence of a pavement layer above the soil 329	
surface was not considered and consequently reducing the applied surface 330	
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pressure value would be feasible, as formerly suggested and executed by 332	
Mehrjardi and Tafreshi [75] and Tafreshi and Khalaj [60]. In this investigation, the 333	
applied loading profile consisted of two stages, monotonic and cyclic, as illustrated 334	
in Fig. 2. Table 3 demonstrates the cyclic loading values during the different 335	
phases of the applied loading profile. Since the load was applied using a hydraulic 336	
actuator, a monotonic loading had to be applied before the repeated loading to 337	
maintain pressure value between the actuator and the footing. If the pressure 338	
value between the actuator and the footing reached zero, it may not have been 339	
possible to maintain control over the actuator. This is why it is important to apply 340	
monotonic loading step before applying the repeated loading. Of note, a 341	
monotonic loading was applied to the pipe-soil systems investigated in this 342	
research until the mean cyclic loading value was reached. This stage was followed 343	
by the application of a number of cyclic loading phases, which varied according to 344	
each test. At the beginning of the research, a soil-pipe system was tested while 345	
applying a static load in order to attain a realistic monotonic load value. Based on 346	
the results of the static loading test (data are not presented), 13 kN and 5 kN were 347	
selected as values of the monotonic load and load amplitude in subsequent cyclic 348	
loading phases, respectively. It should be noted that the implementation of the first 349	
cyclic loading phase required the application of 3000 cycles to reach stagnation in 350	
the system response. However, the subsequent cyclic loading phases were 351	
performed for only 1000 cycles each, which were enough to present the response 352	
of the system. The adopted number of cycles in the first and the subsequent 353	
loading phases was similar to that used by the authors in previous research 354	
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papers [63]. The number of applied cyclic loading phases varied according to each 357	
test, where no additional loading phases were applied when the pipe was 358	
obviously cracked or the footing was excessively settled, which represented 359	
system failure. The loading profile represented different vehicle capacities or load 360	
increase with the passage of time. The utilized data acquisition systems could take 361	
measurements every 500 ms, as a minimum interval of time, and consequently, 362	
the frequency of the cyclic loading was selected to be 0.5 Hz, so that four readings 363	
could be measured in every single cycle.  364	
6 TESTING PROGRAMME 365	
The testing programme followed in this research is presented in Table 4. Fig. 1-C 366	
shows a schematic diagram of the parameters to be tested. The influence of 367	
varying two parameters was investigated in this research, the number of geogrid-368	
reinforcing layers and the pipe burial depth relative to its diameter (H/D). In total, 369	
seven tests were undertaken. It is worth noting that optimum values of both, 370	
spacing between the geogrid-layers (h/B), and spacing between top most layer 371	
and the footing (u/B) were chosen based on recommendations of previous 372	
researches, [60, 75, 76]. Earlier study [20] demonstrated significant effects for the 373	
packing condition of the bedding soil and bedding thickness on stress reduction in 374	
the buried pipe wall. In addition, it was found that the packing condition of the 375	
bedding soil is more dominant over the bedding thickness which was studied up to 376	
0.37 of the pipe diameter. In this study, the bedding soil was compacted to 99 % of 377	
the maximum dry unit weight achieved by the Standard Proctor Test which would 378	
diminish the effect of bedding thickness. Consequently, a bedding thickness of 150 379	
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mm which is 0.65 of the pipe diameter was selected and kept constant in all tests 382	
to ensure an adequate interaction between the buried pipe and bedding soil.    383	
 384	
7 REPEATABILITY 385	
In Series D, test 10 was executed to ensure the generation of accurate data of 386	
high-quality. This test was a repetition for test 4 (series B), with the same testing 387	
conditions. Careful inspection of the data illustrated that an excellent match was 388	
achieved between the two tests (data not presented). However, by reaching the 389	
pipe-soil systems failure, the footing settlements were varied slightly, where the 390	
maximum observed variation value was 3%. Affirmation of the appropriate 391	
preparation of the investigated pipe-soil systems and the reliability of the tests was 392	
confirmed by the excellent match achieved between the outcomes of the two tests.  393	
8 RESULTS AND DISCUSSIONS 394	
The effects of changing both the pipe burial depth and the number of 395	
reinforcement layers on the overall performance of the reinforced soil-pipe 396	
systems were evaluated and discussed. Pipe crown pressure, strains in both the 397	
reinforcement and the pipe, pipe deformations, and the footing settlement were 398	
carefully discussed. Deformations of both the footing and the pipe were presented 399	
as a normalized ratio with respect to the pipe diameter. 400	
8.1 Unreinforced case, Series A 401	
Series A of the testing program investigated the contribution of H/D variation to the 402	
performance of buried pipes in unreinforced sand. The tested pipe-soil systems 403	
sustained a maximum of five loading phases, as illustrated in Table 3, until failure 404	
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occurred. The description and results of the unreinforced case is presented in [63], 406	
where a comparison between some of the results and the outcomes of this 407	
research are presented. 408	
8.2 Reinforced case 409	
Two series (B and C) were conducted to investigate the influence of geogrid-410	
reinforcement inclusion on load transfer and reinforced soil-pipe system load 411	
capacity. Table 3 illustrates the magnitude of the applied cyclic load in Series B 412	
and C, at different phases. The variation of both the number of reinforcing layers 413	
and the pipe burial depth is discussed in this section.  414	
8.2.1 Settlement of the footing 415	
The variation in the normalised footing settlement ratio (Fs/D) in relation to the 416	
number of loading cycles is demonstrated in Fig. 3. It was noted that the decrease 417	
in the footing settlement is dependent on the increase in both pipe burial depth 418	
and number of reinforcing layers. Moreover, the tested pipe-soil systems were 419	
allowed to endure more phases of cyclic loading until the occurrence of system 420	
failure. 421	
It was observed that while applying the monotonic loading; the footing settlement 422	
in the three burial depths of each testing series were approximately equal. There 423	
was slight variation in the measured values of the normalised footing settlement, 424	
where the average values were 1.33%, 1.18% and 0.9% for Series A, B and C, 425	
respectively, with enhancement ratios of 11.3% in Series B and 32.3% in Series C, 426	
compared with Series A. While applying the 1st loading phase, an obvious variation 427	
was observed in the settlement of the footing, where the maximum settlement rate 428	
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was observed within the first 300 cycles of the first loading phase in each test. The 431	
maximum normalised settlement value occurred in T1, where its value was 2.74%, 432	
while the minimum value occurred in T9 with a value of 1.6%. Significant decrease 433	
in the settlement rate occurred with the progression of loading cycles until 434	
reaching a stable rate at the end of the loading phase, where the normalised 435	
settlement values reached 4.7% and 2.3% for T1 and T9, respectively. Under 436	
subsequent applied loading phases, the settlement of the footing underwent the 437	
same behaviour, where its settlement rate increased slightly at deep burial depths, 438	
i.e. H/D=2 and 2.5, and significantly at shallow burial depths, i.e. H/D=1.5, until 439	
failure occurred, which was represented by a sudden increase in the settlement 440	
rate of the footing. 441	
Fig. 4 shows the relationship between the normalised footing settlements once 442	
reaching the end of the applied loading phases, and the increase in the pipe burial 443	
depth in Series C, where two reinforcing layers were utilised. A reduction in the 444	
settlement of the footing occurred while increasing the pipe burial depth during the 445	
application of any loading phase. For example, at the 9th loading phase, the 446	
normalised settlements of the footing were 7.26%, 5.83% and 5.43% at H/D=1.5, 2 447	
and 2.5, respectively. The ratio of enhancement reached 19.7% and 25.2% at 448	
H/D=2 and 2.5, compared with the case of H/D=1.5. A slight reduction in the rate 449	
of settlement was noticed during the initial loading phases, where this rate was 450	
increased while applying advanced loading phases. Fig. 5 illustrates the relation 451	
between the normalised footing settlement and the progression of the cyclic 452	
loading phases to clarify the variation that occurred in the rate of settlement of the 453	
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footing. In T7, where H/D=1.5, the rate of settlement increased from the 1st to the 456	
2nd loading phases by 9.8%, and this ratio was increased to 15% from the 8th to 457	
the 9th phases. The system did not withstand any additional loading phases as 458	
failure occurred because of the measured increase in the rate of settlement of the 459	
footing. In T8 and T9, similar behaviour of the footing settlement rate was 460	
observed. Consequently, at the same burial depth, while applying the initial 461	
loading phases, a slow increase in the rate of settlement of the footing occurred, 462	
where this rate became noticeably higher with the progression of the loading 463	
phases. This behaviour continued until failure occurred. 464	
It was obvious that footing settlement decreased gradually with the inclusion of the 465	
reinforcing layers, where a new composite system with enhanced properties was 466	
formed, particularly the shearing resistance. It was noted that in Series B and C, 467	
the number of the loading cycles endured by the tested pipe-soil systems was 468	
much higher than those endured in Series A. This could be attributed to the 469	
interaction that formed between the transverse ribs of the reinforcing layers and 470	
the soil trapped inside its apertures, which is defined as the passive earth 471	
resistance mechanism. This interaction allows the tensile stresses and strains to 472	
be transferred from the soil to the reinforcing layers, leading to a significant 473	
decrease in the lateral movement of the soil and increased confinement. This 474	
behaviour enables soil in the region below footing to resist high shear stresses, 475	
leading to a reduction in footing settlement. The number of loading phases 476	
endured was the highest in Series C, which could be attributed to the inclusion of 477	
two reinforcing layers resulting in an increase in the trapped soil volume in-478	
21	
	
between the reinforcing layer apertures. It was noted that the settlement rate and 479	
value were the highest during the first 300 cycles of the first loading phase. This 480	
could be attributed to the slack effect, where the reinforcing layers were stretched 481	
due to the applied loads before they contributed to the pipe-soil system stability. 482	
The settlement rate rapidly increased once more at the loading phase, where 483	
failure occurred. 484	
8.2.2 Pipe crown pressure 485	
Fig. 6 illustrates the values of pipe crown pressure precisely at its mid-section due 486	
to burial depth increase in Series B, while using one layer of reinforcement. 487	
Increasing the burial depth of the pipe contributed significantly to reducing the 488	
pressure along its crown. Applying the monotonic loading generated pressure of 489	
69 kPa, 53.5 kPa and 35.4 kPa in T4, T5 and T6, respectively, on the crown of the 490	
pipe, whilst the footing pressure was 65 kPa. The pressure reduction ratio reached 491	
22.5% and 48.7% for T5 and T6, respectively, compared with that measured in T4. 492	
The pressure in T4 was slightly higher than that applied on the footing by 5.8%. 493	
This could be attributed to i, self-weight of the soil above the pipe and ii, passive 494	
arching mechanism due to the difference in stiffness between the soil and the 495	
pipe, which attracted the pressure in the adjacent soil portions to the pipe. Visual 496	
observations at this stage illustrated no crack formation along the pipe, despite the 497	
increased pressure in T4. In the 1st cyclic loading phase, particularly after applying 498	
the first 300 cycles, the maximum pressure rate on the crown was observed, 499	
where the pressure values were 101 kPa, 73.2 kPa and 42.5 kPa for T4, T5 and 500	
T6, respectively, however the applied pressure to the footing was 90 kPa. The 501	
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pressure value in T4 was higher than that applied to the footing by 10.9%; 503	
however, the pressure curve illustrated no crack formation, as the pressure value 504	
and rate were stable without any variation. With further cycles of loading during the 505	
1st loading phase, the pressure generation rate was significantly decreased, where 506	
the pressure value remained almost constant until reaching the end of the 1st 507	
loading phase. This was clear evidence that the pipe was still attracting pressure 508	
without the formation of any cracks. The inclusion of the reinforcing layer 509	
distributed the applied pressure along its plane, where a pressure of a lower value 510	
was transferred underneath the reinforcing layer. Due to this pressure distribution, 511	
additional pressure was applied to the soil regions surrounding the pipe, which 512	
provided additional lateral support, and enhanced the confinement of the pipe, 513	
which in turn allowed the pipe to sustain higher pressure without the formation of 514	
cracks. 515	
While applying further cyclic loading phases, an increase in the values of pressure 516	
occurred until reaching the 5th loading phase in T4 and the 6th loading phase in T5 517	
and T6. In T4, and during the 5th loading phase, it was observed that the pressure 518	
value and rate decreased slightly, however the pressure value at the end of the 5th 519	
loading phase was 203 kPa, which is still higher than that applied to the footing by 520	
6.4%. This illustrated the initiation of the passive arching mechanism collapse, 521	
where cracks were visually observed at this stage. For T5 and T6, a similar 522	
collapse in the passive arching mechanism was observed during the 6th loading 523	
phase, where the pressure transfer rate slightly decreased, and hairline cracks 524	
were observed. After these loading phases, it was observed that the pressure rate 525	
23	
	
and value significantly decreased, which was a clear sign that the pipe could not 526	
sustain any additional pressure, which could be attributed to the loss of its strength 527	
due to the cracks that had formed. 528	
In T4, and during the 6th loading phase, the pressure transfer rate decreased 529	
significantly, to 220 kPa and 194 kPa at the 300th and the last cycles of the 6th 530	
loading phase respectively. The pressure value at the end of the loading phase 531	
was less than the applied pressure by 9.8%, which can be considered as evidence 532	
of the collapsed passive arching mechanism and the initiation of active arching. In 533	
T5 and T6, the collapse that occurred in the passive arching became more 534	
obvious because of loading phase progression, where the reduction rate of the 535	
pressure transfer curves increased until the occurrence of system failure. Similar 536	
behaviour was observed in Series C, where the tested systems sustained 537	
additional loading phases due to the inclusion of two layers of reinforcement. It is 538	
clear that the presented behaviour of the pressure along the crown matches with 539	
the measured footing settlement, i.e. Fig. 3. The measured value of footing 540	
settlement in T4 was the highest, consequently, higher value of pressure was 541	
transferred to the pipe leading to quicker failure occurrence compared with T5 and 542	
T6. 543	
Generally, a differential settlement was formed between the soil column 544	
underneath the footing and the adjacent soil regions due to the application of loads 545	
on the footing, which generated shearing stresses between these regions of soil 546	
as well as the formation of an arching effect [77]. Since the pipe was a rigid one, 547	
its stiffness was significantly higher than the soil’s, and consequently its ability to 548	
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attract load was increased, which generated a passive arching mechanism [13, 19, 550	
78]. Pipe crown pressure was the summation of three mechanisms, passive 551	
arching, load mitigation and distributed load over the reinforcing layer. The 552	
distributed load over the reinforcing layer mechanism was generated due to the 553	
inclusion of the reinforcing layers. In this mechanism, the reinforcing layer and the 554	
trapped soil in-between its apertures formed a stiff composite layer, where the 555	
pressure was distributed along its plane generating a wider loaded area with a 556	
lower pressure value underneath it. This mechanism depended on the passive 557	
earth resistance between both the reinforcing layer and the soil. Increasing the 558	
number of the reinforcing layers increased the contribution of this mechanism. At 559	
shallow burial depths, the passive arching mechanism controlled the value of 560	
pressure on the pipe, where the lower soil layer was allowed to interact in the load 561	
mitigation mechanism, decreasing its contribution. Conversely, the contribution of 562	
the load mitigation mechanism dominated the system performance at deeper 563	
burial depths, where more layer of soil mitigated pressure above the pipe. This 564	
contributed to decreasing the pressure on the crown of the pipe, which agreed with 565	
the findings of [66]. The intensive inclination in the pressure curve is a clear sign 566	
that the tested pipe-soil systems were in the failure phase, where the increase in 567	
the tensile strain values contributed to the formation of cracks along the pipe 568	
leading to stress redistribution and system failure. 569	
Fig. 7 presents recorded data for the pipe crown pressure due to the inclusion of 570	
the reinforcing layers at burial depth of H/D=1.5. Due to the application of the 571	
monotonic loading, the pressure above the crown reached 86 kPa, 69 kPa and 62 572	
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kPa for T1, T4 and T7 respectively, with reduction ratios of 19.8% for T4 and 574	
27.9% for T7 relative to T1. With the application of the 1st cyclic loading phase, the 575	
300th cycle pressure values were 106.8 kPa, 101 kPa and 96 kPa, respectively. 576	
With the application of further cycles, it was observed that the pressure values in 577	
T4 and T7 remained almost constant until reaching the end of the 1st loading 578	
phase, which indicated that the pipe was able to attract loads without forming any 579	
cracks. In T1, the unreinforced case, it was observed that the pressure value along 580	
the crown followed a non-uniform behaviour, where the pressure value decreased 581	
in between the 300th and the 600th cycles and then became almost constant until 582	
reaching the 1500th cycle, then it decreased until reaching the end of the 1st 583	
loading phase, with details provided in [63]. By visual inspection, the formation of 584	
cracks in T1 during the 1st loading phase were observed, which indicated that the 585	
pipe could not attract load anymore and the controlling passive arching 586	
mechanism started to collapse, where the pressure value was still higher than the 587	
applied one.  588	
Careful inspection of Fig. 7 indicated that the inclusion of reinforcing layers slightly 589	
decreased the pressure on the pipe; however, it provided significant lateral support 590	
to it, through the redistribution of stresses along the reinforcing layer plane, which 591	
allowed for more loading phases to be sustained. In T1, pipe failure, i.e. crack 592	
formation, was noticed during the 1st loading phase, where in T4 and T7 cracks 593	
were formed in the 5th and 10th loading phases, respectively.  594	
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8.2.3 Crown settlement 596	
Fig. 8 illustrates the values of the normalised crown settlements (Cs/D) due to 597	
varying the pipe burial depth, for Series B and C. It was clear that increasing the 598	
pipe burial depth while inserting the reinforcing layers into the tested pipe-soil 599	
systems had a significant effect on decreasing the crown settlement. Both, the 600	
number of reinforcing layers and the pipe burial depth governed the reduction rate 601	
in the crown settlement, which was similarly noted for the occurred decrease in the 602	
footing settlement presented in Fig. 3, and the pressure values recorded along the 603	
crown of the pipe as shown in Fig. 6 and Fig. 7 .  604	
It was clear that the maximum settlement rate of the crown occurred at the 605	
shallowest burial depths, e.g. in T4 and T7, during the first 300 cycles of the 1st 606	
loading phase, where the normalised settlement values reached 0.67% and 0.57% 607	
respectively, which was lower than that measured in T1 by 8.2% and 21.9%. With 608	
the advancement of loading cycles, the settlement rate decreased smoothly until 609	
reaching a steady rate in T4 and T7 by reaching the end of the 1st loading phase, 610	
where the normalised settlement values were 1.25% and 1.12%, respectively, with 611	
reduction ratios of 16.1% and 24.8% compared with T1. With the application of 612	
further loading phases, it was observed that the crown settlement increased within 613	
the 1st 300 cycles of every loading phase and then the rate was decreased with 614	
progressive cycles until reaching the end of the phase, where a slight increase in 615	
the settlement rate was observed at deeper burial depths, while at shallow burial 616	
depths the settlement rate was significant. 617	
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It was noted that the crown settlement rate at shallow burial depths was very rapid 622	
until reaching the 300th cycle of the 1st loading phase, where the reinforcing layers 623	
were in the stretching phase, known as the slack effect [79-82]. Once the slack 624	
effect ended, the reinforcing layers contribution in decreasing the crown settlement 625	
was initiated through the formation of the mechanisms of membrane effect and 626	
distributing load over the reinforcing layers. It was observed that the crown 627	
settlement rate decreased smoothly until reaching a steady rate forming a uniform 628	
settlement pattern. A non-uniform settlement pattern was observed in T1, where 629	
cracks were generated due to the lower lateral support, leading to stress 630	
fluctuations along the pipe with the application of loading cycles.  631	
At deeper burial depths, it was observed that the maximum settlement rate 632	
occurred at a slightly lower number of cycles than that of the shallow burial depths, 633	
where the settlement value was significantly lower in the deep burial depths. 634	
Increasing the pipe burial depth contributed in providing more lateral support to it, 635	
due to the increased soil self-weight. In addition, the inclusion of reinforcing layers 636	
resulted in a pressure distribution over a wider area. This led to a pressurising 637	
process for the soil regions adjacent to the pipe, which increased the lateral 638	
support provided to the pipe contributing to the decrease of its crown settlement 639	
rate and value.  640	
8.2.4 Invert settlement 641	
Fig. 9 shows the normalised invert settlements values (IS/D), while varying H/D, for 642	
Series C. It is clear that while applying loading phases, the pipe invert experienced 643	
downward settlement which was followed by upward one, representing a rebound 644	
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occurrence. Pipe burial depth, applied load, and number of reinforcing layers 646	
governed the occurrence of this behaviour. At shallow burial depths, i.e. T4 and 647	
T7, the rebound occurred during the 1st loading phase once the normalised invert 648	
settlement reached 0.39% and 0.32%, respectively, which was lower than that 649	
measured in T1 by 8.47% and 24.9%. The increase of the number of geogrid-650	
layers and the pipe burial depth hindered the occurrence of rebound due to 651	
decreasing the pressure along the pipe and enhancing the confining effect 652	
surrounding the pipe, as presented in Fig. 6 and Fig. 7. 653	
In T1, the bedding layer was rapidly densified forming a stress concentration zone 654	
along the invert, which led to the formation of a hair-crack. This behaviour initiated 655	
a collapse in the passive arching mechanism, as shown in Fig. 7, decreasing the 656	
pressure along the crown and increasing it around and underneath the pipe [63]. 657	
Consequently, a rebound in the invert deformation was initiated. In T4 and T7, no 658	
cracks were formed along the invert of the pipe during the 1st loading phase but 659	
the rebound occurred. The concrete pipe behaved as a rigid support that attracted 660	
the applied loads because of its high stiffness. Consequently, its invert behaved as 661	
a support to the pipe itself, where its main function was to transfer load to the 662	
bedding layer underneath it. Stiffness variation between the invert and the bedding 663	
layer formed a stress concentration zone between them. With the progression of 664	
the loading cycles, the density of the soil was increased, i.e. soil densification. 665	
Consequently, increased stresses were generated between the bedding layer and 666	
the invert, matching the findings of Abolmaali and Kararam [20]. Moreover, the 667	
upward reaction forces between them increased as well, initiating the invert 668	
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rebound. In addition, the enhanced confinement effect of the soil regions 672	
surrounding the pipe due to the existence of the reinforcing layer provided more 673	
resistance to the pipe against deformation forcing its invert settlement to rebound 674	
under the applied upward stresses along its invert. Fig. 7 illustrated that the 675	
passive arching mechanism in T7 did not collapse during the first loading phase, 676	
despite the invert rebound that occurred, as shown in Fig. 9. This illustrates that 677	
the invert rebound is not an indication for tensile failure, and the rebound is 678	
dependent on the test configuration. 679	
At deeper burial depths, a smooth invert rebound occurred during further loading 680	
phases, at the 3rd and 4th loading phases for T8 and T9, respectively. This can be 681	
attributed to the enhanced lateral support provided to the pipe because of the 682	
existence of the reinforcing layers, which led to redistribution of the pressure 683	
around the pipe allowing it to sustain further loading phases, as presented in Fig. 684	
7. Consequently, the system required an increased number of loading cycles to 685	
increase the stiffness of the bedding layer, which would generate a feasible 686	
upward pressure along the invert of the pipe, initiating its rebound.  687	
In the reinforced and unreinforced cases, the invert rebound was very sharp at a 688	
shallow burial depth and occurred during the 1st loading phase. While increasing 689	
the pipe burial depth, the rebound occurred gradually under applying further 690	
phases of the cyclic loading. 691	
8.2.5 Pipe cross-section deformed shape 692	
According to the findings of the invert and the crown settlements of the pipe, it was 693	
clear that under all loading phases the pipe crown settled downward, despite the 694	
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number of reinforcing layers and the pipe burial depth. On the other hand, the pipe 698	
invert experienced downward settlement followed by upward movement 699	
depending upon the amount of reinforcement, cyclic loading phase and pipe burial 700	
depth. These two opposite responses played a vital role in shaping the deformed 701	
pipe cross-section, which depended on the reduction in the vertical diameter and 702	
the increase in the horizontal one. The initial circular cross-section of the pipe was 703	
divided into four segments in between the cracks, and deformed to form an 704	
elliptical shape, as presented in Fig. 10. The inclusion of reinforcing layers and 705	
increasing the burial depth in the tested systems hindered and controlled the crack 706	
formation and propagation; moreover, they contributed to enhancing the systems 707	
performance and allowed them to sustain a greater number of loading phases, 708	
until failure occurred, as presented in the pressure curves, Fig. 7. 709	
8.2.6 Pipe strain 710	
Due to the pressure transferred from the soil to the pipe and because of the pipe-711	
soil interaction, tensile and compressive strains were generated in the pipe. Strain 712	
gauges were fastened at three controlling locations, the inner crown, invert and 713	
outer spring-line, since the pipe experienced tensile strain along these lines. Once 714	
tensile strain value exceeds the tensile strength of the pipe, cracks formation is 715	
expected. 716	
Invert strain 717	
Pipe invert strain for the three tested series was illustrated in Fig. 11. An obvious 718	
reduction was observed in the strain rate and its value while increasing the burial 719	
depth of the pipe and the inclusion of reinforcing layers, which also controlled the 720	
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behaviour of the invert settlement, Fig. 9. Strain generated along the invert of the 724	
pipe was a reflection to the soil stress transferred to the pipe presented in Fig. 7. 725	
At a shallow burial depth, for T1, T4 and T7, it was observed that the strain 726	
generation rate while applying the monotonic loading was very rapid, as the pipe 727	
experienced high value of soil stress during short period of time, where the strain 728	
values were equal to 0.02%, 0.016% and 0.012%, respectively. While applying the 729	
1st loading phase, the strain in T1 followed a non-uniform pattern, which was 730	
related to the soil stress on the pipe and the early formation of cracks. In T4 and 731	
T7, no cracks were formed during the 1st loading phase, and an average rapid 732	
strain rate of 85% was observed until reaching the 300th cycle, which was more 733	
rapid than that observed in T1. With further loading cycles until reaching the end of 734	
the 1st loading phase, the strain rates were decreased to 67.6% and 77.5% for T4 735	
and T7, respectively, where strain values were less than that measured in T1 with 736	
7.5% for T4 and 20.2% for T7. This decrease in the strain rate could be attributed 737	
to the end of the reinforcing layers slack effect, i.e. the extension of the layer 738	
before the initiation of its contribution to the system stability. With the 739	
advancement of loading phases, the rate of strain increased during the 1st 300 740	
cycles and then it decreased, where a stable rate controlled the strain pattern until 741	
reaching the end of the loading phase. Failure occurred when a rapid increase in 742	
the strain rate was observed, which was not followed by a decrease due to further 743	
loading cycles. 744	
At deeper burial depths, H/D=2 and 2.5, a uniform strain pattern was observed, 745	
where strain rate increased within the 1st 300 cycles of every phase of loading, and 746	
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then it decreased to follow a more stable rate until reaching the final cycle of the 749	
loading phase. Increasing the pipe burial depth and the inclusion of the reinforcing 750	
layers decreased the strain along the invert. In T9, where two layers of 751	
reinforcement were used, the strain value at the end of the 1st phase of loading 752	
was 0.02%, where it was lower than that measured in T6 (one layer) and T3 753	
(unreinforced) by 4% and 55.5%, respectively. This illustrated that the contribution 754	
of inserting a reinforcing layer is obvious at the initial loading phases; however, the 755	
number of reinforcing layers insignificantly influenced the system behaviour, which 756	
could be attributed to the relatively low value of the applied loads. At the 6th 757	
loading phase, T3 did not sustain the applied loads, and failure occurred. On the 758	
other hand, the strain along the invert in T9 was lower than that measured in T6 by 759	
18.5%. This illustrated that increasing the number of reinforcing layers increased 760	
their contribution in enhancing the system performance with the progression of the 761	
applied loading phases. At a relatively higher value of applied loads, the lower 762	
reinforcing layer suffered more deformation relative to the 1st loading phase, 763	
leading to enhancing the contribution of the membrane mechanism, which in turn 764	
enhanced the behaviour of the reinforced soil above the pipe leading to a further 765	
reduction in the strain in the pipe. In general, in the unreinforced series the pipe 766	
experienced significantly larger strain values along its invert compared with the 767	
reinforced series, where a low-confined soil zone surrounded the pipe and no 768	
membrane mechanism enhanced the performance of the backfill cover because of 769	
the absence of reinforcing layers. The reinforcing layers enabled the tested 770	
33	
	
systems to endure a greater number of loading phases safely, where the pipe 771	
sustained lower strain values, particularly during the advanced loading phases. 772	
To clearly illustrate the influence of inserting and increasing the number of the 773	
geogrid-reinforcing layers on decreasing the strain generated along the invert of 774	
the pipe, Fig. 12 was plotted. Fig. 12 presents a relation between the strain 775	
generated along the invert of the pipe and the number of the geogrid-reinforcing 776	
layers at the last cycle of each applied loading phase, at pipe burial depth of H/D = 777	
1.5. It is obvious that inserting geogrid-reinforcing layers remarkably affected the 778	
strain value along the invert of the pipe. During the first loading phase, the strain 779	
value decreased with 6% and 12.6% due to inserting one and two geogrid-layers, 780	
respectively. This ratio increased gradually with the progression of the applied 781	
cyclic loading phases until the application of the fourth loading phase. By reaching 782	
the end of the fourth loading phase, the reduction ratio in the values of the invert 783	
strain was 23.9% and 40.1% for one and two geogrid-layers, respectively. Such 784	
increase in the reduction ratios could be attributed to the end of the slack effect of 785	
the geogrid-reinforcing layers, as well as the occurred enhancement in the 786	
generated load transfer mechanisms between the geogrid-layers and the trapped 787	
soil between its apertures, particularly the passive earth resistance mechanism. 788	
Due to the application of the fifth and the seventh cyclic loading phases, the 789	
unreinforced system and the reinforced system using one-geogrid layer, 790	
respectively, failed to sustain additional load, as presented in Fig. 11. 791	
Consequently, it is clear that the inclusion of the geogrid-reinforcing layers 792	
contributed significantly to decreasing the strain values generated along the invert 793	
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of the pipe, where lower value of the applied pressure was transferred to the pipe 797	
due to the generated load transfer mechanisms. This is in harmony with the 798	
observed reduction in the pressure values measured along the crown of the pipe, 799	
Fig. 7, and the reduction in the settlement values of the footing, Fig. 3. 800	
It should be noted that at deeper burial depths, similar behaviour was observed, 801	
however, the strain values were considerably lower than those measure at shallow 802	
burial depth of H/D=1.5. This presents the influence of increasing the burial depth 803	
of the pipe, which contribute to decreasing the transferred pressure value to the 804	
pipe, which by turn results in a decrease in the strain generated in the pipe.    805	
Crown strain 806	
The strain generation pattern along the crown of the pipe was similar to that 807	
observed along its invert, Fig. 11; however, it experienced lower values due to the 808	
stress concentration zone that formed between the invert and the bedding layer, in 809	
addition to the insignificant deformable nature of the pipe material, which is in 810	
agreement with the findings of [20]. This behaviour demonstrated that the pipe 811	
burial depth and the number of reinforcing layers significantly influenced the value 812	
and rate of the strain in the pipe crown. Fig. 13 illustrates the strain values on the 813	
crown of the pipe once reaching the final cycle of each applied loading phase 814	
while increasing the pipe burial depth in Series B. During the 1st loading phase, the 815	
measured strain values were 0.397%, 0.02% and 0.014% at burial depths of 1.5, 2 816	
and 2.5, respectively. Reduction ratios of 94.96% and 96.37% were observed at 817	
H/D=2 and 2.5, respectively, compared with H/D=1.5, which could be attributed to 818	
the reduction in the pressure transferred along the crown of the pipe at deeper 819	
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burial depths, as presented in Fig. 6. Since the reduction ratio only increased by 824	
1.4% when the burial depth was increased from H/D=2 to 2.5, it was concluded 825	
that H/D=2 could be considered to be an optimum burial depth of the pipe. In 826	
addition, the strain reduction rate became more obvious while applying further 827	
loading phases. This behaviour controlled the strain along the crown of the pipe 828	
until reaching the 5th phase for H/D=1.5, and the 7th phase for H/D=2 and 2.5, 829	
where failure occurred due to excessive footing settlement as illustrated in Fig. 3.  830	
As observed in the strain along the pipe invert, the pattern of strain along the 831	
crown of the pipe during the 1st loading phase at a shallow burial depth 832	
experienced two different rates, particularly at the 300th cycle. This could be 833	
attributed to the ending of the reinforcing layer slack effect. 834	
In Series C, similar strain behaviour was recorded for the strain along the crown of 835	
the pipe, but with reduced values. This could be attributed to the inclusion of two 836	
reinforcing layers, which allowed the generation of an enhanced membrane 837	
mechanism and an improved degree of the lateral support, which was provided to 838	
the pipe. Consequently, the increase in the pipe burial depth and the number of 839	
reinforcing layers significantly decreased the strain along the pipe crown.  840	
Spring-line strain 841	
Fig. 14 demonstrated measured data for strain generated along the pipe spring-842	
line while increasing the applied loading phases, for Series B and C. It is obvious 843	
that the spring-line strain pattern is similar to that generated along the pipe crown, 844	
Fig. 13, and invert, Fig. 11, but with a significantly reduced scale. This can be 845	
attributed to the inclusion of the reinforcing layers, which led to a pressure 846	
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redistribution process over the adjacent soil portions to the pipe, allowing an 852	
increase in the lateral support provided to the pipe, particularly its spring-line, i.e. 853	
formation of a confined zone. On the other hand, the increased burial depth 854	
enabled the existence of a larger soil volume with a larger self-weight, providing 855	
extra lateral support. An unexpected decay in the spring-line strain behaviour 856	
during T4 was observed. Visual inspection of the pipe, after testing, indicated the 857	
generation of two cracks along the pipe spring-line, where the 1st crack intersected 858	
with the strain gauge and the 2nd one did not, as presented in Fig. 15. Concrete 859	
tensile failure can be defined by crack formation, where higher values of tensile 860	
strain are represented by wider cracks. It was noticed that the 2nd crack was wider 861	
than the 1st one. Consequently, the actual values of the tensile strains along the 862	
pipe spring-line were not recorded, since the 2nd crack did not intersect with the 863	
strain gauge. This explained the obvious decay in the strain values along the pipe 864	
spring-line in T4. 865	
8.2.7 Reinforcing layers strain 866	
Fig. 16 showed the tensile strain generated in the geogrid-layer as a result of 867	
increasing the applied cyclic loading phases, in Series B, where one geogrid-layer 868	
was utilised to enhance the backfill performance. At the same cyclic load, it was 869	
observed that the increase of the pipe burial depth negatively influenced the 870	
tensile strain generated in the geogrid-layer, where its value increased, unlike the 871	
strain values measured along the pipe different sections, pressure transferred to 872	
the crown of the pipe, and the measured footing settlement. The location of the 873	
pipe contributed to the system stability, where system stability became less 874	
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dependent on the pipe at deep burial depths and the strain along the wall of the 877	
pipe was significantly reduced, as shown in Fig. 11 and Fig. 14. At this stage, the 878	
stability of the system was gradually dominated by the reinforcing layers, where 879	
the tensile strain values were significantly increased. This behaviour became 880	
apparent at and after a pipe burial depth of H/D=2. It should be noted that the 881	
trapped soil volume between the soil surface and the pipe could be divided into 882	
upper and lower zones. As a result of the high stiffness of the pipe, it significantly 883	
contributed to reinforcing the lower zone but it paid a lower contribution to the 884	
stability of the upper zone. At deep burial depths, soil properties dominated the 885	
upper zone stability, where the tensile strain value increased and the existence of 886	
the reinforcing layer became crucial in sustaining the tensile strains. 887	
Consequently, the inclusion of reinforcing layers maintained the upper zone 888	
stability. It should be noted that the distance between the reinforcement and the 889	
pipe controlled the contribution of each of them to the upper zone stability, where 890	
the reinforcing layer had a major contribution if it was located far from the pipe. 891	
The strain generation rate depended on the slack effect of the reinforcing layers, 892	
as shown in Fig. 16. Within the first 300 cycles of the 1st phase of loading, the 893	
strain generation rate was fast as the slack effect progressed, and with the 894	
progression of loading cycles, the rate decreased significantly as no further slack 895	
effect occurred [2, 79, 80]. Based on the applied loading profile, the tensile strain 896	
in the reinforcing layer gradually increased, where this increase became very rapid 897	
once system failure began despite the applied load and the pipe burial depth. 898	
Visual inspection of the reinforcing layers after testing illustrated permanent 899	
Satu Nieminen  24/3/2021 08:14
Formatted: Font:(Default) +Theme Body
CS
Satu Nieminen  24/3/2021 08:14
Formatted: Font:(Default) +Theme Body
CS, Not Italic, Check spelling and
grammar
Satu Nieminen  24/3/2021 08:14
Deleted: Fig. 11900	
Satu Nieminen  24/3/2021 08:14
Formatted: Font:(Default) +Theme Body
CS
Satu Nieminen  24/3/2021 08:14
Formatted: Font:(Default) +Theme Body
CS, Not Italic, Check spelling and
grammar
Satu Nieminen  24/3/2021 08:14
Deleted: Fig. 14901	
Satu Nieminen  24/3/2021 08:14
Formatted: Font:(Default) +Theme Body
CS
Satu Nieminen  24/3/2021 08:14
Formatted: Font:(Default) +Theme Body
CS, Not Italic, Check spelling and
grammar




deformation but no damage was observed. Eventually, the stability of the 903	
reinforced pipe-soil system was enhanced with the increase of the burial depth of 904	
the pipe, where the reinforcing layer endured the tensile strain. 905	
In Series C, to achieve an enhanced degree of system stability and additional 906	
protection to the pipe, two layers of reinforcement were utilized, to carry the tensile 907	
strains. Fig. 17 shows the tensile strain in the reinforcing layers in relation to both 908	
burial depth and applied loading cycles. After testing, the soil cover above the 909	
reinforcing layers was carefully removed, and their deformations were inspected. 910	
Usually, the deformation of the upper layer was higher than the lower one. Since 911	
the upper layer was closer to the footing, more pressure was transferred to it, 912	
while less pressure was transferred to the lower layer. However, Fig. 18 illustrates 913	
that the value of the tensile strain sustained by the lower layer was higher than 914	
that sustained by the upper one, despite the loading phase and the pipe burial 915	
depth, which was a good match with the findings of Jones and Cooper [83] and 916	
Elshesheny, Mohamed [2].  917	
This behaviour illustrated that a stiff platform was formed out of the two utilised 918	
layers of reinforcements and the trapped soil layer between them, which behaved 919	
as a flexible reinforced slab, which is a good match with the findings of Mohamed 920	
[84]. Due to the applied load, bending stresses were generated in the stiff platform, 921	
significantly influencing the lower layer of reinforcement, and generating tensile 922	
and compressive strains along the lower and upper surfaces respectively of the 923	
stiff platform that had formed. Therefore, the entire system stability and 924	
performance were dominated by the tensile strain sustained by the lower layer of 925	
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reinforcement. It should be noted that failure of the reinforcing layer was controlled 928	
by the sustained value of the tensile strain rather than the deformation that 929	
occurred. The reinforcing layers did not suffer any creep deformation, which could 930	
be attributed to the nature of the loading, since no prolonged loading was applied. 931	
9 CONCLUSIONS 932	
The performance of buried rigid pipes underneath geogrid-reinforced soil while 933	
applying incrementally increased cyclic loading was experimentally investigated 934	
using a fully instrumented laboratory rig, where results were compared with 935	
controlled tests on unreinforced sand beds [63]. Based on the results of this 936	
research, the following conclusions can be drawn; 937	
1. The location of the pipe inside the system controlled the values of the 938	
stresses and strains along its walls.  939	
2. The inclusion of the geogrid-layers in the tested systems allowed a stress 940	
redistribution process, which led to the formation of a confined zone around 941	
the pipe.  942	
3. Pressure distribution inside the reinforced-soil system was governed by 943	
three mechanisms, i. passive arching, ii. load mitigation and iii. distributed 944	
load over reinforcing layer.  945	
4. Under applied load, the bedding layer was densified by different degrees 946	
according to the pipe burial depth. This led to a stress concentration along 947	
the invert of the pipe, generating the maximum tensile strain. 948	
5. Rebound of the invert deformation depends on the pressure distribution 949	
around the pipe and the densification degree of the bedding layer. 950	
40	
	
6. The lower reinforcing layer sustained tensile strain higher than that of the 951	
upper layer, despite the increased deformation of the upper layer. This 952	
could be attributed to the flexible slab that formed, which depended on the 953	
configuration of the reinforcing layers. 954	
7. The data measured along the pipe showed that the inclusion of geogrid-955	
reinforcing layers in a rigid pipe-soil system subjected to cyclic loading 956	
achieved the ITM principles, where deformations, strains and stresses were 957	
reduced.  958	
In this research one type of silica sand and one type of geogrid reinforcing layer 959	
were tested, where they were used to prepare the reinforced sand beds in which 960	
one type of rigid concrete pipe with a specific diameter was buried at variable 961	
depths. Moreover, all of the tests were performed using the same loading profile, 962	
where the number of the applied loading phases was found to be dependent on 963	
each test condition. Therefore, the findings of this research are limited to the 964	
above test conditions. 965	
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Table 1: Properties of the silica sand used 1204	
Test Description Value 
Sieve analysis Coefficient of uniformity, Cu 1.3 
Coefficient of curvature, Cc 1.0 
Effective grain size, D10 (mm) 0.5 
D30 (mm) 0.6 
Medium grain size, D50 (mm) 0.6 
D60 (mm) 0.7 
Standard 
Proctor 
Proctor dry unit weight (kN/m3) 16.4 
Optimum water content % 7.9 
 Maximum dry unit weight (kN/m3) 17.1 
Minimum dry unit weight (kN/m3) 15.3 
Maximum void ratio, emax 0.7 
Minimum void ratio, emin 0.5 
Relative density, Dr (%) 57.0 
Specific gravity, Gs 2.6 
Actual unit weight of sand (kN/m3) 16.32 
Shear box and 
Triaxial 
Stiffness considering initial tangent modulus (kN/m2) 55000.0 
Stiffness considering secant modulus from zero to 50 
% of the peak deviator stress (kN/m2) 
54000.0 
Friction angle (degree), Φ 36.5 






Table 2: Mechanical properties of the reinforcing layers 1208	
Description Value Source 
Material Polypropylene Manufacturer, 
[85] Aperture size (mm) 39.0 x 39.0 
Thickness (mm) 1.1 
Weight/unit area (kN/m2) 0.00216 
Ultimate tensile strength, Tult (kN/m) 20.0 
Load at 2% strain (kN/m) 7.0 
Load at 5% strain (kN/m) 14.0 
Strain at Tult (%) 11.0 
Elements unit weight (kN/m3) 2.7 Tensile Test, 





Table 3: Value of the applied cyclic loading phases 1211	
Test series Load phase Mean load (kN) 











































Phase 1 13 8 18 5 
Phase 2 18 13 23 5 
Phase 3 23 18 28 5 
Phase 4 28 23 33 5 
Phase 5 33 28 38 5 
 Phase 6 38 33 43 5 
 Phase 7 43 38 48 5 
 Phase 8 48 43 53 5 
  Phase 9 53 48 58 5 
  Phase 10 58 53 63 5 
  Phase 11 63 58 68 5 





Table 4: Testing program 1214	
Test 
series 




u/B h/B L/B H/D  
A Unreinforced 
case 







5 1.5, 2, 2.5 3 




5 1.5, 2, 2.5 3 






5 1.5 1 
Note: RFT refers to reinforcing layer; u stands for the spacing between topmost 1215	
reinforcing layer and footing; B is the footing width; h is the spacing between 1216	
reinforcing layers; L denotes reinforcement length; H is the pipe burial depth from 1217	
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